Experiments were performed to examine the topography of covert visual attention 22 signals in human superior colliculus (SC), both across its surface and in its depth. 23
INTRODUCTION 43
The superior colliculus (SC) is a midbrain structure that exhibits a responsive neurons and visuomotor neurons that discharge prior to saccades (Ma et 55 al. 1991) . Deep layers contain neurons that respond to multimodal sensory 56 (somatosensory, auditory, visual) inputs (Sparks and Hartswich-Young 1989) . 57
Visual response is thus most prominent in the superficial layers and decreases with 58 depth into the SC (Tiao and Blakemore 1976; Wallace et al. 1996) . There have been fewer studies of SC in humans using functional magnetic 78 resonance imaging (fMRI). SC is a difficult structure to image because of its small 79
Reconstructed images had a SNR of ~20. Temporal power spectra in SC voxels 198 typically showed little of the structure associated with physiological noise; the use 199 of a 3-shot acquisition had a strong filtering effect on the comparatively high-200 frequency effects of cardiac pulse and respiration. 201
The anatomical images collected in each session were used to align the 202 functional data to a structural 3D reference volume, which was acquired for each 203 subject in a separate session. The structural reference volume was T 1 -weighted with 204 good gray-white contrast, and was acquired using a 3D, inversion-prepared, SPGR 205 sequence (min. T E and T R , T I = 450 ms, 15° flip angle, isometric voxel size of 0.6 or 206 0.7 mm, 2 excitations, ~28-min duration). 207
Image Analysis 208
Analysis of the fMRI data was done using the mrVista software package (available 209 for download at http://white.stanford.edu/mrvista.php) as well as tools developed 210 upon the mrVista framework in our lab. We estimated in-scan motion using a robust 211 scheme (Nestares and Heeger 2000) applied to a temporally smoothed (3-5-frame 212 boxcar) version of the fMRI time-series data. Between-run motion was corrected 213 using the same intensity-based scheme, this time applied to the temporal average 214 intensity of the entire scan. The last run of the session was used as the reference. 215
After motion correction, the many runs recorded during each session were averaged 216 together to improve SNR. 217
The intensity of the averaged data was spatially normalized to reduce the 218 effects of coil inhomogeneity. The normalization used a homomorphic method, that 219 is, dividing by a low-pass filtered version of the temporally averaged volume image 220 intensities with an additive robust correction for estimated noise. A sinusoid at the 221 stimulus repetition frequency was then fit to the normalized time series at each 222 voxel, and from this fit we derived volume maps of response amplitude, coherence, 223 and phase. The coherence value is equivalent to the correlation coefficient of the 224 time-series data with its best-fit sinusoid. 225
We segmented the tissue of the midbrain, brainstem, and portions of the 226 thalamus ( Fig. 2A ) using a combination of automatic and manual methods provided 227 by the ITK-SNAP application (Yushkevich et al. 2006 ). The CSF-tissue interface of 228 the SC was then interpolated from the segmentation using isodensity surface 229 tesselation, and this initial surface was refined to reduce aliasing artifacts (Figs. 2B, 230 D) using a deformable-surface algorithm (Xu et al. 2006 ). This surface provided 231 vertices and outward normal vectors used as a reference for the laminar 232 calculations described below as well as a means to visualize the functional data. 233
A distance map was calculated between the SC tissue voxels and the vertices of 234 the SC surface. We used these distances to measure laminar position (i.e., depth, s) 235 in the reference volume. Functional data were then aligned and resampled to the 236 reference volume (Nestares and Heeger 2000) . Thus, each volume voxel was now 237 associated with a complex response (amplitude, phase, and coherence) and a 238 laminar coordinate. 239
Laminar profile analysis. We used these complex response and laminar coordinate 240 associations to calculate laminar profiles of functional activity. Because SC has a 241 variable thickness across its lateral-medial extent, we defined three 3-mm-diam 242 regions-of-interest (ROIs) to cover activated regions on lateral, central, and medial 243 portions of each SC. The active portion of the SC was first obtained based on the 244 lateralized stimulation condition as described below. In each of the three ROIs for 245 every subject, we obtained the complex amplitude as a function of depth for all runs 246 averaged together. In order to correct for hemodynamic delay, phase normalization 247 was performed for each run by dividing the complex amplitude of the profile with 248 the mean phase within the respective ROI restricted to the collicular surface where 249 the data was strongest and most reliable. A boxcar-smoothing kernel (0.6-or 0.7-250 mm width) was convolved with the average complex amplitude data as a function of 251 depth; the magnitude of this convolution was the laminar profile. Laminar profiles 252 for attention and stimulation were normalized to unity for ease of comparison. 253
Profiles obtained without correction for the hemodynamic delay were qualitatively 254 similar but less reliable. 255
We used bootstrapping to obtain confidence intervals on the laminar amplitude 256 profiles in each subject and all subjects combined. For each ROI, we calculated the 257 complex amplitudes for each run to create an ensemble (typically 36 for each 258 subject) of complex amplitude datasets. We then formed averages by resampling 259 this ensemble with replacement over 5000 iterations, and calculated the laminar 260 profile anew for each resampled average. 261
Centroids of the laminar profiles were calculated to quantify comparisons of 262 depth between the attention and stimulation conditions using: 263
where A(s) is the amplitude as a function of depth and Â is the average amplitude. 265
The integration limits s min and s max were set to 0 and 4 mm, respectively, as that is 266 roughly the thickness of human SC. The centroid calculation was also bootstrapped 267 across the ensemble of runs to obtain confidence intervals. 268
Retinotopy analysis. For the retinotopic mapping data, we performed a laminar 269 segmentation process to enable depth averaging that improves the quality of data. 270
Small (1.6-mm-diam) disks of tissue were associated with each vertex of the surface 271 model along the entire superficial SC surface, and each disk was then extended both 272 inward and outward from the SC tissue using the local surface normals to form an 273 individual laminar neighborhood ). For each point on the SC 274 surface, we used these associations to average the time series over a particular 275 depth range. Coherence analysis was performed on this depth-averaged time series 276 to obtain amplitude, phase and coherence values. For visualization we used the 277 phase values of the functional data, with time-series depth averaged over a range of 278 0-1.8 mm, overlaid upon the SC surface (Fig. 3) . 279
We used the depth-averaged lateralized stimulation data to define ROIs in each 280
individual subject for the analysis of the retinotopic maps and the laminar profiles 281 described above. ROIs were defined by choosing a contiguous region consisting of 282 the most responsive portion of the collicular surface. Specifically, ROIs were defined 283 for each subject by adjusting the coherence threshold for each subject within the 284 range 0.30-0.50, so that a similar surface area was included, ~23 mm 2 . These ROI 285 boundaries are marked using black dotted lines in Fig. 3 . conditions, was 2.9 s; the color pinwheel in Fig. 3 has been rotated accordingly. 295
We also obtained rough boundaries of the entire superficial extent of the SC 296 using manual inspection of the high-resolution T 1 -weighted volume anatomy. These 297 boundaries are marked in Fig. 3 by red dashed lines. 298
We again used bootstrapping to obtain confidence intervals on the correlations 299 for each subject and all subjects combined. For each attention session, we calculated 300 a run-by-run ensemble of depth-averaged complex amplitude datasets. We then 301 performed our correlation analysis with the retinotopy data for 5000 averages of 302 the attention-condition runs, each average obtained by resampling the ensemble 303 with replacement. The p values corresponded to the fraction of the correlations 304 yielding a fit with slope ≤ 0. 305
In order to verify our retinotopic mapping procedures, we also obtained ROIs 306 located in dorsal early visual areas V2d and V3d in three of the five subjects. We 307 used standard phase-encoded retinotopic-mapping methods (DeYoe et al. 1996 ; 308 Engel et al. 1997; Sereno et al. 1995) to initially define these regions, and then 309 restricted our analysis only to that portion of the each ROI that intersected with our 310 slice prescription. Our experiments produced widespread activation in these early 311 visual areas for both stimulation and attention conditions (Fig. 2C) . We also verified 312 registration between stimulation and attention maps in these visual cortex ROIs. 313
In order to evaluate the quality of the retinotopic phase progression, we 314 calculated the orientation of the retinotopic phase spatial gradient for each of the 315 stimulation and attention maps using a method similar to a previously described 316 approach (Silver et al. 2005 ). Horizontal and vertical components of the gradient 317
were calculated with depth-averaged phase values for each pixel on flattened maps 318 of cortex. The horizontal component was the mean difference between the sine of 319 the phases of the three adjacent pixels on the right and the sine of phases of the 320 three adjacent pixels on the left, and similarly for the vertical component. 321
Orientation of each pixel was calculated as the inverse tangent of the ratio of the 322 vertical to the horizontal phases. Orientation of each map was calculated as the 323 mean orientation of pixels within the retinotopy ROIs described above. Orientations 324 of the stimulation and attention maps for each subject are marked below individual 325 colliculi with dark blue arrows (Fig. 3A) . The two brown arrows show 95% 326 confidence intervals of the phase gradient calculated using bootstrapping 327 procedures similar to those described previously. We also used the horizontal and 328 vertical vector components to calculate the statistical significance of each phase 329 gradient. For each bootstrapped repetition, we formed the dot product of the vector 330 with the mean vector. The p-value was then fraction of the dot product magnitudes 331
<0. 332

Eye Movements 333
For each of three subjects we ran six 216-min runs each of the stimulation and 334 attention stimuli while eye movement data was collected using the ASL Eye-Trac 335 6000 (Applied Science Laboratory, Bedford, MA) eye tracking system outside the 336 scanner. Time series of horizontal and vertical gaze coordinates as well as the pupil 337 diameter were acquired at a sampling rate of 60 Hz. In order to examine eye 338 movements we projected each eye-position measurement onto a unit vector in the 339 direction of the target or cue region, yielding a large ensemble of measurements 340 (~12,000, after taking valid pupil and corneal reflection recognition into account). 341
The mean of this measurement quantifies the bias of eye position in the target 342 direction, which can be compared to the mean eccentricity of the target region. We 343 repeated this comparison for saccade vectors extracted from the eye-position data 344 to also test for bias in saccadic eye movements. 345
RESULTS 346
Behavioral performance. All subjects were able to successfully maintain accuracy at 347 >71% during each run. For the stimulation and attention retinotopies, average 348 performance was 81% and 82% respectively. Discrimination thresholds were 349 somewhat better for the attention retinotopy condition (1.0°/s) than the stimulation 350 retinotopy (1.2°/s); this difference was significant (negligible p) in three of the five 351 subjects. Performance was slightly better for lateralized stimulation and attention 352 conditions, 85% and 82% respectively, with discrimination thresholds of 1.2 and 353
1.1°/s, respectively and not significantly different for all four subjects (p > 0.4). Thelower thresholds for the attention condition suggests that some subjects were able 355 to perform the purely attentional task more effectively than the stimulation (with 356 attention) task, probably because the latter task does not elicit full usage of covert 357 attentional resources. 358
In order to quantify the retinotopic maps we calculated phase gradients (see 359
Materials and Method), indicated by dark arrows under each individual colliculus in 360 there was a reliable anterior-posterior tilt to the retinotopic maps, from antero-366 medial through postero-lateral (subject 4 bilateral, subjects 1, 5 right, subject 2 left). 367
However, the phase progression right colliculus of subject 2 seems to be reliably 368 oriented in an anterior-posterior direction. 369
Polar angle map of visual stimulation. For all subjects, visual stimulation was reliably 370 lateralized, i.e., phases corresponding to the left visual field were observed in the 371 right colliculus and those corresponding to the right visual field in the left colliculus 372 (Fig. 3A) . Amplitudes of the MR signal were typically between 0.1-0.2%, except for 373 subject 4, who was an unusually strong responder (Table 1) angle phase data were observed in nine of the twelve individual subject ROIs (Table  418 2) as well as for the combined ROI data (left: R 2 ~ 0.42, p < 0; right: R 2 ~ 0.56, p < 0) 419 (Fig. 4C) . 420
Slopes of the fits between attention and stimulation were less than unity in 421 three of the colliculi that showed significant correlations between stimulation and 422 attention, as well as the group-averaged data ( Table 1) . Slopes of the fits were also 423 less than unity in the visual cortex group data. 424 Eye movements. It is possible that the retinotopic maps were affected by subjects 425 moving their eyes towards the stimulus aperture. To ensure that the subjects were 426 able to maintain fixation as instructed, we tracked eyes of three subjects in separate 427 sessions outside the scanner. The gaze coordinate components along the polar angle 428 of the stimulus for all subjects were very small, with a mean value 0.06° and -0.01° 429 of visual angle for attention and stimulation conditions respectively. Though the 430 attention projections were significant (p<0.05) due to the large number of samples 431 (~12000), they were still minute compared to the 5° mean eccentricity of the 432 stimulus. We also tested bias by analyzing the component of saccades along the 433 stimulus or cue region; the mean values were small, <0.1° and statistically 434 indistinguishable from zero, except for one subject in the stimulation condition 435 (mean ~0.3°, p<0.01). Thus, subjects' eye position did vary from the fixation mark, 436 but their eye movement errors were random, without significant bias toward the 437 target aperture. 438
Laminar Profiles of Stimulation and Attention. In order to evaluate laminar activity 439
profiles of stimulation and attention, we chose three ROIs for each colliculus: lateral, 440 central and medial (Fig. 5A) . Laminar profiles for the left colliculus of subject 4 (Fig.  441   5B) show the typical character of the data, which reached a peak near the superficial 442 surface of the colliculus and decreased with increasing depth. We did not see 443 significant left-right or subject-to-subject differences in the profiles, so we obtained 444 profiles averaged across both colliculi in all subjects ( (Fig. 3) . 482
Phase correlations in the individual colliculi between the polar angle 483 stimulation and attention conditions supported the presence of a retinotopic map of 484 visual attention in SC (Fig. 4) . We obtained good correlations in 7/10 individual 485 colliculi, though the individual slopes were typically less than unity ( verified that observation using high-resolution fMRI in areas V2d and V3d (Fig. 4c) . 493
The intermediate layers of human SC contain neurons that are believed to 494 respond retinotopically to eye movements. Since, eye movements were not tracked 495 during our scanning sessions, it is possible that the stimulation and attention maps 496 may have been partly confounded by subjects' eye movements. However, we did 497 track eye movements in separate sessions outside the scanner and showed that the 498 subjects were able to successfully maintain fixation while performing the visual 499 stimulation and attention tasks. 500
Typically, the amplitudes of responses were slightly higher for the stimulation 501 than the attention condition (Table 1 ). Data quality in SC for the attention condition 502 was slightly worse than stimulation, which is why we combined two attention runs 503 for three of the five subjects. The noise levels in the phase data are not surprising, 504
given the very small amplitudes of signals observed in this study. 505
We observed slopes less than unity in some of the phase correlations between 506 the attention and stimulation conditions in SC and visual cortex. Taken literally, this 507 would indicate a more compact distribution of attention phases compared to 508 stimulation, possibly because of a weaker response along the vertical meridian for 509 attention as compared to simulation. However, we note that for individual colliculi, 510 the slope increases with the R 2 value -more strongly correlated data have slopes 511 closer to unity. This suggests that the observation of slopes < 1 may be an artifact 512 caused, for example, by small misalignments between the attention and stimulation 513 runs, or by additional noise in the attention data causing phase wrapping. 514
The present study has also demonstrated a novel collection of MRI methods 515 that improve the reliability and utility of functional data in subcortical structures. 516
An interleaved (3-shot) spiral sequence provided a useful means of physiological 517 noise suppression. We used a reference volume segmented at the tissue-CSF 518 boundary of the midbrain, including the SC, facilitating the averaging of data over 519 multiple sessions. Moreover, we formed accurate surface models at the tissue-CSF 520 boundary, allowing us to average the fMRI activity over depth. Altogether, these 521 averaging techniques considerably improved contrast-to-noise ratios, enabling the 522 higher spatial resolution used in this study. The methods also permitted analysis of 523 laminar variations in BOLD activity, which will be greatly useful for the study of the 524 structurally heterogeneous subdivisions evident in sub-cortical brain regions. 525
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